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OBJECTIVE

Measure and analyze pressure distribution and slip sinkage rela-

tionships tnder rigid w'neels in various types of soils.

RESULTS

Pressure and slip-sinkage measurements for different wheel dimensions

in five different types of soil are presented in chart form in such a way

that the affect of slip, sinkage, soil properties, frictional forces, and

wheel geometry on wheel behavior are clearly indicated.

CONCLUSIONS

Sinkage, as well as pressure distribution, are a function of slip in

granular soils. However, in the cohesive types of soils tested, both sink-

age and pressure distribution were independent of slip.

Frictional forces must be included in wheel equilibriun equations if

equilibrium is to be achieved.
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' ~ABSTRACT

Normal pressure distribution and slip-sinkage relationships were

studied experimentally under rigid wheels in various types of soil. The

experiments were limited to driven wheels only; however, normal pressure

distribution for a wide range of slip condition from 0 - 100% were obtained. ),

Sinkage as well as pressure distribution was found to be dependent upon slip,

soil properties, and wheel geometry in sand and in sandy loam with low

moisture content, but in sandy loam with higher moisture content, sinkage

and pressure distribution may be taken independent of slip. The analysis

of data also revealed that the effects of frictional forces are significant

and cannot be overlooked.
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OBJECTIVE

Measure and analyze pressure distribution and slip sinkage relationshipo1 •under rigid wheels in various types of soils.
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INTRODUCT ION

This paper sunmmarizes current progress of work done under project

"Pressure Distribution Beneath a Rigid Wheel" since publication of Land

Locomotion Report No. 74 in April 1962.

From Report No. 74, it becomes evident that for the solution of

equilibrium equations for wheels, knowledge of the magnitude and position

of the ground reaction is essential. This information furnishes the key for the

evaluation of wheel sinkage, drawbar-pull and motion resistance. However, at

present no exact equation exists for the description of pressure distribu-

tion under wheels.

The well known Bekker equation is an estimate of pressure distribution

which produces satisfactory results at small sinkages and at a limited number

of slip conditions, but at high slip rates and for greater sinkage conditions

in sand, for example, this equation introduces an error due to the improper

location of the resultant of the pressure distribution. In Land Locomotion

Mechanics one must deal with wide ranges of slip and sinkage conditions. A

more complete pressure distribution function producing greater accuracy is

desirable. A

Published data available in this area can be divided into two groups:

1. Pressure transmitted from wheel to soil is measured by "pressure
? 2,3,4,5

transducers" at certain depths and locations in the soil mass The

disadvantage of this method lies in the difficulty of positioning the pres-

sure cells in the soil. Also, under load from the consolidation process

these transducers can move; therefore, such measurements may be erratic.



2. Pressure distribution is measured at the interface contact of
6,,7,0

wheel and soil by "pressure cells" embedded in the wheel's perimeter

Using this type of measuring technique, the complete contact pressure can

be obtained, which ultimately permits treatment Of the wheel as a Me body.

Most of these measurements, except those contributed by Vincent and

the author, were performed using pneumatic tires. Although the use of pneu-

rntic tires seems more practical from a Land Locomotion standpoint, the

rigid test wheel considerably simplifies ti-e analysis of pressLre (i.sGri.-

button; since no changes I'w w eel 6eometry have to be'accounted for. How-

ever, upon successful completion of the rigid wheel study it is intended to

- .extend the scope. of this work to include pneumatic tires.

To the author's knovIedge, none of the references quoted except

Reference 10 have considered pressure and sinkage measurements in terms of

wheel isliplsinksge and in terms of the effect of wheel geometry in different

types-;f soil.

The experimental results reported in this work were intended to develop

the following information:

a. True shape of normal pressure distribution.

b. Effect of wheel slip on normal pressure distribution.

c. Effect of wheel-slip on sinkage.

d. Magnitude of frictional forces on a powered wheel.

e. Effect of soil properties on pressure distribution, wheel slip-

sinkage characteristics, and frictional forces.

)2
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Definition of forces acting on a Rigid Wheel.

The view is taken here, that once the -magitude and position •'f

the ground reaction is known, the force system acting on the wheel

is coqPlte3.Y defined. Figure 1 shows the concept of . force system

acting on any vheel:

Figure 1

Under the action of an inposed driving moment (M), the wheel vill

have the tendency to slide relative to the ground. The shearing forces

00 and c) on the contact surface will oppose this motion. From geometry,

the normal force (N) passes through the center of the wheel. However,

by adding To to N, R must act at 0 relatita to the normnl when vheel slip

or soil failure occurs.

Two possible and dfifZeift angles of friction can enter into the

above problem:

1. The angle of internal friction of the soil.

2. The angle of friction between the wheel and soil.

3
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The smaller of theoe two angles vill detorm2ne . The wheel load

(W) and the dravhbr load (H) are taken to act at the center of the hub.

It It owauxed that the coefficient of friction is constant along the wheea

contact length and that the frictional forces act in a direction opposite

to the notion. If tha contaot surface is not too great, it in safe to

ass=me that the ground reaction (R) will be tangent to a circle of vLus
r sin hich is •c•uDo•y called the friction circle in soil mechanics*

The equilibrium equation vritten on the basis of the concept presented

here, cannot be solved unless an aepropriate pressure distribution function

is known. The general equations pexaining to driven, braked and towed

ieheel conditions have appeared previously in several references

therefore, they wil be omitted from this paper.

4II.
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TFST FACILITIES AND PROCEDURES

In order to obtain actual pressure distribution curves for rigid

wheels under variable loading, slip and soil conditions, a special

apparatus was built, Figure 2. The test apparatus consisted of two

test wheels: 20 in. x 3 in. and 20 in. x 5 in. A torque meter was

attached to the axle of the wheels.

Strain gaugo types of "pressure transducers" were emtedded L. the

wheel's perimeter: one at the center of wheel and two close to the edges.

This arrangement plrmitted the pressure distribution measurement laterally

as well as longitudinally. The transducers were constructed so that only

pressure normal to the wheel would be measured. The wheel was mounted on

a dynamene' carriage. A distributor was attached to the drive shaft of

the wheel which produced a signal atrN30 of angular rotation of the wheel.

The linear displacement of the wheel was measured by means of a micro-switch

attached to the driving sprocket of the carriage. Therefore, kowling the angu-

lAr and linear displacements, the slip was eaaily evaluated.

The wheel was loaded in 50 lb. increments fr•m 50 to 200 lbs. The

wheel sinkaile was measured by means of a potentiometer connected between

the loading tray and the carriage. The pressure cells, micro-switches,

potentiometer and the torque meter were connected to a series of anAlyzers

and to a "six-channel" recorder. The recorder continuously recorded the

pressures acting againit the moving wheel, the exact location of the

pressure transducers, the magnitude of angular and linear displacement,

torque and sintages. The assure cells were calibrated by a device

developing a known air pres are and having a zxaximum capacity of 20 psi,

Figure 3.5

| 1,
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Tests were performed in sand and in sandy-loam under laboratory

conditions. The soil bin used for this investigation was 40 ft. x

5 ft. x 2 ft. in its overall dimensions and wao equally divided between

sand and sandy-loam. During test, the sand was kept air-dry. However,

in the case of the sandy loam, water was added after each complete ex-

periment as needed to investigate the effect of soil consistency on

, •pressure distribution and slip-sinkage relationship.

Co• important characteristics of the materials tested are tabulated

Sin Table I.

In adi4tion to the data in Table I, a grain size distribution dia-

gram for sand is shown in Figure 4.

Atterberg Limits pertaining to sandy-loam are tabuilted in Table 11:

TABLE 11.

Liquid Limit - 19%

Plastic Limit - 15%

Plasticity Index - 4$

Prior to each test run, the dry sand was leveled with a leveling

board attached to the carriage in order to assure a reference surface for

3inkaep measurements. Then the wheel was loaded and the experiment was

begun by driving the wheel and tow-carriage simultaneously. Drag was

applied to the carriage causing the carriage to slow down relative to the

wheel and produce a certain magnitude of slip. By increasing the drag on

the carriage, pressure distribution measurements and slip-sinkage measure-

ments at higher slip were possible. This technique was employed for test-

ing at differenL slips, since speed of carriage and wheel cannot be con-

trolled separately. During this procedure, pressure distribution, angular

6
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displacement) linear displacement, torque anci sinkage daim wcvv i-scordCd

continuously. The experimental technique produced data which permitted

plotting of normal pressure distribution, sinkage and torque as a function

of slip between 0 and 100% for each type of soil aid loading condit ion.

The test procedure for sandy-lowa was essentially the sane ac. for

sand. The only d&fference existed in processi.ng the material, Sandy-loam

was m xed at each test riu and at each addttion of water content with a

Rotary-Tiller. Then it was raked until a smooth soil surface was obtained.

After this procedure, two passes with a smooth roller) weighing 200 lbs.,

were applied. Although this resulted in an increase of soil density, it

assured a more uniform soil structure, which is demonstrated by the fact

that the deviations from the mean in moisture and density values are within

acceptable limits. As a matter of interest, it should be noted here that V
deviation from mean density at least doubled when the roller passes were

omitted.
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TEST RESULTS

The results of driving moment, pressure distribution and slip-

sinkage measurements are presented in diagrams and chart forms.

Figure 5, shows a typical torque versus slip relationship with wheel

load as parameter in dry sand. This figure also confirms that for slip

conditions in sand in excess of 30% the assumption that 0 is constant is

valid. If shear strength is taken as independent of depth, the torque

versus slip relationship depicted can be considered as a shear deformation

diagram since torque is proportional to the tangential forces and slip to

the corresponding deformations. The peak points of these curves were taken

for the construction of the Mohr-Coulomb envelop, and the value if 0 was

found to be very nearly equal to that determined by sliding friction exPer-

iments. The sliding friction experiments resulted in 2 V and c = 0

while evaluating those from torque-slip relationship when the normal pressures

at wheel-soil contact are known, gave 2 23° and c - 0.

Actual normal pressure dist~ibution diagrams are shown in the next

series of figures. Figure 6 illustrates the pressure distribution in sand

as a function of the polar angles under a 20 in. x 3 in. wheel at various

loads. The ulip is held constant at 0%. The effect of slip on pressure

distribution is shown in Figure 7T when the soil (sand), wheel size and

wheel load are kept constant.

It is apparent from the latter two pressure distribution diagrams that as

slip occurs, pressure distribution as well as sinkage become a function of slip.

An Increased sinrlxao develops higher motion resistancej therefore, the resultant

of the pressure distribution will have a higher angle of inclination relative

to the vertical.



Another important factor is that the pressure distribution extends

beyond the point of maximw sir.nge. The extent of pressure distribution

to the trailing portion of the wheel is about I0° or less from the toe of

the wheel in most of the pressure profiles reported here. This phenomenon

can be attributed to the flow, -' the material into the wheel rut in sandsoto

the rebound of the material In firm soils.

Note that the pressure distribution in the lateral direction is also

shown in the figures. Dots denote the pressure at the center of the wheel

and crosses denote the pressure close to the edges of the Wheel. The

pressure transducers mounted at the edges of the wheel were aver, aged on the

recording device so that the .crosses represent the average value of the

pressure on the two wheel edges.

Figure 8, shows the same information for a 20 in. x 5 in. wheel as was

shown in Figure 7 for the 20 in. x 3 in. wheel in sand. The variation in

pressure across the wheel face is very significant ind.ed for this wheel.

The pressures at the center of the wheel were found approximataly twice as

high, as they were observed close to the edges of the wheel. In case of the

narrow wheel, the variation of pressure in the lateral direction is negli-

gible except for those pressure distribution diagrams which were obtained

at very high slip condition.

Figure 9 further illustrates the importance of the lateral pressure 4

distribution for wide wheels. Pressure is shown as a function of polar

angles for specific cases o: slip under a constant load.

The next two figures, Figures 10 and 11, show sinkage (maximum vertical

deformation) as a function of slip in sand for the 20 in. x 3 in. and 20 in. x 5 in.

wheel, respectively. Again, it is apparent that as slip occurs sinkage

10
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rapidly increases. For sand the compaotion effects are small, so that the

wheel can dig itseir into the ground. ThIS process is associated with slip

failure in which the wheel removes material from the contact surface and

deposits it behind the wheel.

The next figure, Figure 12, shows sinkage as a function of the angle

of inclination of the resultant of normal pressures in sand for both

wheels tested. This function may be approximated by a straight line having

the following equation:

zow 6.8700

After some manipulation it may be seen that in sand the normal result-

ant divides the ground contact arch approximately into two equal parts,

thereby confirming the hypothesis of Tanaka12 ho assumed in general that the

angular position of the reoultant (N) is half that of the angle of sinkage.

If thevvertical component of the ground reaction is evaluated by

graphical integration, a chart plotting N and R against W can be made.
v v

Kv is the vertical' component of the normal resultant N. while Rv is the

vertical component of the resultant of normal and frictional forces. It

is found that N alone does not satisfy the equilibrium of the vertical forces.

This indicates that frictional forces must be included to achieve equilibrium.

The frictional forces were evaluated from Coulomb's equation for maximum

shemr stress. The agreement obtained by the inclusion of the frictional

forces is shown in Figure 13, and it can be seen that the magnitude of the,-

discrepancy is withinvan acceptable limit.",

The tests were continued to investigate the behavior of the wheel in a
sanldy loam at various moisture contents. •



The following illustrations refer to results obtained. Figures 14, 15,

16, and 17, show slip-sinkage relationship for a 20 in. x 5 in. wheel in

sandy loam Mix No. 1 -Mix No. 4* Figureslh andl.5 show mixes which represent

$andy loam at low, 4.9% and 6.5% of moisture content, respectively. The

slip-sinkage relationship is very similar to those obtained in sand. 11owever,

at 9.1$ and 16% moisture content, sinkage will be independent of slip. Simi-

lar results were obtai.ied with a 20 in. x 3 in. test wheel at 16% moisture

content. This relationship is shown in Figure 18.

An ex1lanation of slip-sinkage behavior of wheels in sand and in sandy

loam amy be given as follows: in granular soils (dry sand and sandy loam at

low moisture content) the conpaction effects are very small. Therefore, a

"soil transport" phenomenon exists underneath the wheel. With added water

and the same conMctive effort of roller and wheel, greater density can be

obtained up until the water content reaches the valia where mnaximnum density

is achieved. TOe sandy loam type of soil is highlly conqactsble at higher

moisture contents. Movement of the moisture to the wheel soil interface

Sserves as a lubricantj therefore, the transport of soil by wheel does not

cour.

These series of slip-sinkage tests were performed with the aim of pin-

pointing the minimum amount of cohesion at which sinkage may be taken as

independent of slip.

From the experiments, it appears that the cohesive properties of soils

are responsible for the dekandence or independence of sink•ge upon slip. The

number of experiments conducted suggests that above 0.5 psi of cohesion Ainkage

may be regarded aa independent of slip.

J12



W Wigure ±!, shows the angular position of the resultant of the normal

Tprnirau dlR+.rhtution saafirnrftoino ln f- ~ in -r a O 4n, v I 4n. w.ha~ ̂I i

sandy loam at 16% of moisture content. This curve also ahows the inde-

pendence of o0 and slip.

Since the sinkage and a were found to be independent of slip, the

pressure distribution measurements were presented in a superimposed form.

Figures 20, 21, and 22 show the superimposition of all the pressure dis-

tribution diagrams regardless of slip at 50, 100, and 150 pounds of whe&l.

load, respectively. These measurements were taken in sandy loam Mix f.

V. Note that the trend of lateral pressure distribution reverses; that is,

close to the edges of the wheel higher pressures were recorded than at the

center of the contact strip in a cohesive type of soil.

It can be stated again from the experiments that the angular position

of the resultant Approximately bisects the contact angle.

Similarily, as was shown for sand, equilibrium considerations pertain-

Ing to the above normal pressures, estimated frictional forces, and imposed

loads are shown in Figure 23. It is seen that the frictional forces must

also be included in the description of a wheel operation in a mterial having

cohesion, if equilibrium is to be achieved.

13
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CONCLUSIONS

1. An analytically correct equation for pressure distribution must

include not only soil properties and wheel geometry as it was previously

ti.•teved, but also the slip-sinkage relationship and tangential forces.

2. The effect of frictional forces are significant and should be in-

eluded in equilibrium equations for wheels. The frictional forces may be

conventiently estimated from Coulomb's equation for maximum shear strength.

S3. inkage is a fnmotion of slip in granular noils; however, in co-

"hesive soils sinkage may be tp,-en independent of slip. Further tests are

necessary to confirm this statement, since tests in loam with a moisture con-

tent in excess of 16% have not been performed.

14



R RECON-4rDATIONS

1. It is recommended that in addition to the quantities measured and

reported here, drawbar-pull measurements also should be made.

2. It is recommended that further experiments be performed confirming:

a. The minimum amount of cohesion necessary to Judge sinkage in-

dependent of slip. 1

b. Whether or not, above the maximum density, sinkage is independent

of slip.

15
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Figure No. 20
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